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            Oil & Gas Science and Technology – Rev. IFP, Vol. 61 (2006), No. 3, pp. 303-317 Copyright © 2006, Institut français du pétrole Thermodynamic Modelling of Petroleum Fluids J.C. de Hemptinne 1 and E. Béhar 1 1 Institut français du pétrole, 1 et 4, avenue de Bois-Préau, 92852 Rueil-Malmaison Cedex - France email: [email protected] - [email protected] Résumé — Modélisation thermodynamique des fluides pétroliers — Les développements récents et les défis nouveaux de la thermodynamique pétrolière sont présentés dans les articles de ce numéro spécial de « Oil and Gas Science and Technology » (OGST). Un des objectifs, commun à ces travaux de recherche, est la mise à disposition d’outils de calcul qui doivent permettre à des simulateurs des métiers pétroliers d’avoir accès à des propriétés thermodynamiques et thermophysiques fiables. Le présent article propose, en guise d’introduction, de mettre ces développements dans une perspective plus large, en suggérant un cadre dans lequel l’ingénieur métier pourra trouver un guide pour la sélec- tion de la ou des méthodes les plus adaptées à son problème. L’analyse est basée sur l’observation que deux éléments essentiels doivent être réunis pour une bonne modélisation des propriétés physiques des fluides naturels complexes (pétroles bruts et gaz à conden- sat) : un modèle (équation d’état et règles de mélange) qui représente au mieux la réalité physique et une description compositionnelle adaptée. Un modèle est défini comme un ensemble d’équations mathématiques décrivant les relations qui peu- vent exister entre différentes propriétés. Certains sont empiriques, d’autres sont construits sur des concepts physiques, avec plus ou moins d’approximations. Tous contiennent des paramètres qui devront être déterminés et validés à l’aide de données expérimentales. Si la précision des résultats est importante, il est essentiel d’utiliser une sélection de données fiables. Au contraire, si on recherche plutôt un modèle prédictif (peu ou pas de données sont disponibles), on préférera utiliser un modèle dont la conception physique est solide. La composition moléculaire des fluides pétroliers est souvent inconnue ; et même si elle était connue, elle contiendrait tant d’isomères qu’une description détaillée serait ingérable dans un simulateur à « vocation métier ». De nombreuses méthodes ont été développées pour contourner ce problème. Les méthodes habituelles sont de type corrélatif, mais nous pensons qu’elles ont atteint leurs limites. De nouvelles méthodes, dont la simulation moléculaire, sont sans doute plus prometteuses. En conclusion, nous estimons qu’une compréhension plus approfondie des phénomènes physiques par le biais des outils expérimentaux est essentielle, afin de permettre ensuite le développement de modèles plus fondamentaux, ayant de meilleures performances en pouvoir prédictif et en terme de précision. Tels sont les défis que la thermodynamique moderne doit relever. Les articles publiés dans ce recueil en illustrent quelques exemples. Abstract — Thermodynamic Modelling of Petroleum Fluids — The recent developments and chal- lenges of petroleum thermodynamics are presented in the various papers of this special issue of Oil and Gas Science and Technology (OGST). A common objective of these investigations is the develop- ment of calculation tools providing access to reliable thermodynamic as well as thermophysical properties. Hence, this introductory article attempts to put these new developments in a larger perspective by proposing a framework where the practicing engineer can also find some guidelines Petroleum Industry Applications of Thermodynamics Applications de la thermodynamique dans l'industrie pétrolière Dossier 
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 Résumé — Modélisation thermodynamique des fluides pétroliers — Les développements récentset les défis nouveaux de la thermodynamique pétrolière sont présentés dans les articles de ce numérospécial de «Oil and Gas Science and Technology» (OGST). Un des objectifs, commun à ces travauxde recherche, est la mise à disposition d’outils de calcul qui doivent permettre à des simulateurs desmétiers pétroliers d’avoir accès à des propriétés thermodynamiques et thermophysiques fiables. Leprésent article propose, en guise d’introduction, de mettre ces développements dans une perspectiveplus large, en suggérant un cadre dans lequel l’ingénieur métier pourra trouver un guide pour la sélec-tion de la ou des méthodes les plus adaptées à son problème.L’analyse est basée sur l’observation que deux éléments essentiels doivent être réunis pour une bonnemodélisation des propriétés physiques des fluides naturels complexes (pétroles bruts et gaz à conden-sat) : un modèle (équation d’état et règles de mélange) qui représente au mieux la réalité physique etune description compositionnelle adaptée.Un modèle est défini comme un ensemble d’équations mathématiques décrivant les relations qui peu-vent exister entre différentes propriétés. Certains sont empiriques, d’autres sont construits sur desconcepts physiques, avec plus ou moins d’approximations. Tous contiennent des paramètres quidevront être déterminés et validés à l’aide de données expérimentales. Si la précision des résultats estimportante, il est essentiel d’utiliser une sélection de données fiables. Au contraire, si on rechercheplutôt un modèle prédictif (peu ou pas de données sont disponibles), on préférera utiliser un modèledont la conception physique est solide.La composition moléculaire des fluides pétroliers est souvent inconnue ; et même si elle était connue,elle contiendrait tant d’isomères qu’une description détaillée serait ingérable dans un simulateur à«vocation métier». De nombreuses méthodes ont été développées pour contourner ce problème.Les méthodes habituelles sont de type corrélatif, mais nous pensons qu’elles ont atteint leurs limites.De nouvelles méthodes, dont la simulation moléculaire, sont sans doute plus prometteuses.En conclusion, nous estimons qu’une compréhension plus approfondie des phénomènes physiquespar le biais des outils expérimentaux est essentielle, afin de permettre ensuite le développement demodèles plus fondamentaux, ayant de meilleures performances en pouvoir prédictif et en terme deprécision. Tels sont les défis que la thermodynamique moderne doit relever. Les articles publiés dansce recueil en illustrent quelques exemples.
 Abstract — Thermodynamic Modelling of Petroleum Fluids — The recent developments and chal-lenges of petroleum thermodynamics are presented in the various papers of this special issue of Oiland Gas Science and Technology (OGST). A common objective of these investigations is the develop-ment of calculation tools providing access to reliable thermodynamic as well as thermophysicalproperties. Hence, this introductory article attempts to put these new developments in a largerperspective by proposing a framework where the practicing engineer can also find some guidelines
 Petroleum Industry Applications of ThermodynamicsApplications de la thermodynamique dans l'industrie pétrolière
 D o s s i e r
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 http://ogst.ifp.fr/index.php?option=toc&url=/articles/ogst/abs/2006/03/contents/contents.html
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 LIST OF SYMBOLS
 Symbol Meaning Unit
 Latin Letters
 cp heat capacity at constant pressure J/K/kmol
 kij binary interaction parameter -
 vLiq liquid molar volume m3/kmol
 v molar volume m3/kmol
 x molar fraction in the liquid phase -
 y molar fraction in the vapour phase -
 Latin Capitals
 GE excess Gibbs energy J
 HE excess enthalpy J
 Ki partition (equilibrium) coefficient
 P absolute pressure Pa
 ℘ Poynting correction
 T absolute temperature K
 Z compressibility factor (= PV/NRT = Pv/RT)
 MW Molecular Weight kg/mol
 Greek Letters
 γ activity coefficient in a liquid phase
 ϕ fugacity coefficient
 ω acentric factor
 Subscripts
 c critical parameteri component index in a mixtureb value at the boiling point
 Superscripts
 # ideal gas stateL liquid phase propertyV vapour phase propertyσ saturation property
 Abbreviations
 BIP Binary Interaction Parametereos equation of stateCCE Constant Composition ExpansionCVD Constant Volume DepletionDIPPR Design Institute for Physical PRoperties, AIChE
 (databook with evaluated thermophysical property data)
 CPA Cubic Plus Association equation of statePR Peng-Robinson equation of state PRH Peng-Robinson equation of state with the Huron-
 Vidal mixing ruleMHV2 Modified Huron-Vidal mixing rule (of the 2nd order)
 NRTL Non Random Two Liquids GE model (Renon &Prausnitz, 1968)
 SAFT Self-Associating Fluid Theory equation of stateSRK Soave-Redlich-Kwong equation of state
 304
 for the selection, among the large number of existing methods, of the one(s) most suited to his/herindustrial application. The analysis is based on the observation that two main features must be present for a good representa-tion of the physical behaviour of complex natural fluids: a model (equation of state – eos- and mixingrules) that represents the physics as well as possible, and an appropriate compositional description. A model is defined as a set of mathematical equations that describes the relationships among differ-ent properties. Some are empirical, others are constructed on a physical basis with more or lessapproximations. All contain parameters that must be determined and validated using experimentaldata. When accurate properties are required, it is important to focus on the selection of reliable data.However, when predictive power is required (few or no data are available), the use of a model thathas a strong physical foundation is essential.
 The detailed molecular description of a petroleum fluid is often unknown, but even if it were known, itwould contain so many isomers that it would be very difficult to handle in an engineering simulator.Hence, several methods are employed to circumvent the problem. The traditional methods are corre-lations, but we believe they are reaching their limit. New methods, among which molecular simula-tion, are probably more promising. As a conclusion, we state that both an improved understanding of the physics through experimenta-tion, and an increased use of these physical findings in new models, are the challenges for the futuredevelopments of thermodynamics. The papers in this issue illustrate a number of such developments.
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 INTRODUCTION
 The thermodynamic properties of petroleum fluids havebeen successfully described for many years. However, acontinuous effort for improving this modelling is necessarybecause of the more stringent requirements on theprocesses. We observe an ever increasing need in accu-racy, in predictive power (i.e. in the absence of data), and ashift towards systems with a larger non-ideal behaviour(polar components and/or having a hydrogen bondingpotential), including reactive systems.
 The driving power for present industrial needs isimproving fossil fuels recovery and transforming them intogasoline and gasoil with the help of environmentallyfriendly processes, thus leading to a sustainable develop-ment of the oil and gas industries.
 In the upstream industry, reservoirs containing high lev-els of acid gases are being more exploited. In addition,newly explored deep buried reservoirs have much higherpressures and temperatures than those usually met in thepast. Finally, as a result of the present interest for reser-voirs containing heavy crudes, or due to offshore condi-tions (high pressures associated with low temperatures),the risk of solid deposits related to asphaltenes, paraffins orhydrates has to be considered more often.
 In the downstream industry, we observe several types ofevolutions: the stringent reduction of harmful components(sulfur containing molecules, aromatics, etc.) in gasolinesand gasoils proposed to the end-users; the deeper hydro-conversion of heavy fractions into such fuels at higher tem-peratures in presence of hydrogen. In addition, the use ofbiofuels will require an improved understanding of thebehaviour of mixtures containing polar components.
 This journal issue wants to focus on the main challengesinvolved in today’s description of the thermodynamicproperties of petroleum fluids. The four subsequent papersin this issue can be classified as two application exampleswhere new approaches are to be developed and two model-ling techniques that are increasingly used in the petroleumindustry. The applications are gas treatment and asphaltenesdeposition. – Gas treatment techniques (acid gases removal) require
 both physical absorption in strongly non-ideal condi-tions (vapour-liquid equilibria) and chemical transfor-mation in the aqueous phase. At present, the only way todescribe the physics is to combine several empiricalapproaches, based on a large number of experimentaldata.
 – Asphaltenes deposition occurs in many instances in thepetroleum chain. The composition of these heavy petro-leum fractions is very badly known, and even the physi-cal phenomenon at hand during flocculation is still sub-ject of strong debate (liquid – liquid equilibrium, liquid– solid equilibrium or micelle formation?).
 Both of these examples clearly illustrate the limits of theclassical thermodynamic methods. Yet, the ever increasingnumber of fundamental data along with the rapid increaseof computer power makes it possible to understand themicrostructure of “simple” fluids, thus allowing the devel-opment of new tools that will lastingly affect the way ther-modynamic properties are predicted. In the two subsequentpapers of this issue, these tools are further enlightened:– Molecular simulation (see also Ungerer et al., 2005) is a
 technique that has now come out of infancy, as it allowsthe calculation of increasingly complex systems with arather high degree of accuracy. It can now be consideredas a true alternative to experimental approaches for sys-tems of interest to the petroleum industry.
 – New equations of state based on statistical mechanicshave developed as a consequence of the informationmade accessible through molecular modelling. Based ontheir physical foundation, these new equations are capa-ble of extrapolating far beyond what could be expectedfrom classical, semi-empirical, models. Some examplesare provided in a paper of this issue.We believe that the challenges that are discussed in
 these articles can be classified in two main topics. Each ofthese will be discussed in a separate section of the presentpaper:– The first is related to the model that is used. From
 purely empirical correlations to very complex equationsbased on statistical thermodynamics or molecular simu-lation approaches, a large range of tools has been devel-oped in the last century. Even though many equationsare no longer in use, a number of them that are ratherancient, are still used in modern computing tools.
 – The parameters required in the above models generallyoriginate from databases, or are calculated using inde-pendent correlations (e.g. group contributions, etc.) orare fitted to experimental data. Petroleum fluids havethe particularity that their molecular composition isbadly known. As a result, several empirical methods areused in order to build the best possible analytical repre-sentation. These will be discussed in a second section.These two topics must be handled by the practicing
 engineer who uses his simulator toolbox in order todescribe the physical behaviour of a produced or aprocessed fluid. The additional objective of this paper is toprovide him with some guidelines for selecting the thermo-dynamic methods that are most appropriate to his problem.
 1 THERMODYNAMIC MODELS FOR COMPLEXMIXTURES PROPERTY CALCULATION
 Models are tools used to describe the physical behaviour ofa material system. Depending on the basic knowledgeavailable, these models may be more or less empirical.
 305
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 They often contain adjustable parameters that are deter-mined using experimental data.
 We don’t want to describe all the models used in petro-leum engineering thermodynamics, but refer to adequate text-books for details (Vidal, 2003; Prausnitz et al., 1999). Thepurpose of this section is to help the reader choose among themany different models that are today available in commercialreservoir and process engineering simulation packages.
 Some literature papers provide guidelines in the choiceof the best approach for physical properties calculation(see for example Carlson, 1996). A very thorough descrip-tion of the numerous methods and models for physicalproperty calculations is provided in the well-known bookby Poling et al (2001). In this article, as an introduction tothe other papers presented in this issue, we will only pro-pose some specific comments that relate to oil, gas andpetrochemical applications.
 The criteria that the engineer must consider are essen-tially based on three questions: – what property is requested? – what is the temperature-pressure domain?– what is the fluid composition?
 1.1 What Property is Requested?
 Even though there is a tendency to develop single modelsthat are able to describe all properties (a good test for equa-tions of state is whether they are able to describe correctlyall thermodynamic properties by derivation or integration,in particular heat capacities; de Hemptinne et al., 1994), itis often recommended for the practicing engineer to usedifferent methods for different physical properties. In par-ticular, it is recommended to use different methods for thecalculation of “single phase properties” (volume as well asenthalpy, entropy and heat capacity) on the one hand, andphase equilibrium on the other hand.
 As a general rule, it appears that single phase propertiesare usually rather well described using the Lee & Kesler(1975) method (see also Vidal, 2003). This model wastested by de Hemptinne & Ungerer, 1995 (Fig. 1).Depending on the position of the P-T operating conditionswith respect to the fluid phase envelope, a more or lessaccurate calculation will be obtained. This is done below,using Figure 1. Still more accurate results are found usinga BWR-type equation (Benedict et al., 1940). We havetested, as an example, in Figure 2, the Soave version of this
 Figure 1
 Error maps for the Lee & Kesler method for molar volume calculation, as taken from de Hemptinne & Ungerer (1995).Deviations are given in %.
 306
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 equation that allows the corresponding states principle to beused (Soave, 1995). The compressibility, a derived prop-erty, offers a more stringent test of the eos performance.
 When phase equilibrium calculations are performed, theproblem is usually more complex, and greatly depends onthe composition of the fluid. This is discussed below(Section 1.3.).
 1.2 For Single Phase Properties: What is theTemperature and Pressure Domain?
 A study has been conducted for investigating the accuracy of anumber of equations of state as a function of pressure and tem-perature (de Hemptinne & Ungerer, 1995) for pure compo-nents. It appeared that their accuracy greatly depends on thelocation of the operating pressure and temperature with respectto the vapour pressure curve of the individual components.
 More generally, it is always good to locate on a phasediagram the pressure – temperature conditions in which thephysical properties are requested. Such a phase diagram isshown in Figure 3. It indicates the most appropriate modelto choose for single phase property calculations.
 On the lower right-hand side, for the vapour phasebelow 0.5 MPa, one may consider that the fluid behaves asan ideal gas. This means that no “complex” equation ofstate is needed. Up to 1.5 MPa, a simple Virial correctioncan be applied to the ideal gas equation of state (Vidal,2003). Above this pressure, a more complex equation ofstate is needed. Usually, the Lee & Kesler (1975) methodis considered to be the best (Vidal, 2003). This choicebreaks down when approaching the critical zone. Here, still
 more complex models should be used such as the MBWReos (Younglove & Ely, 1987). However, one must alwayskeep in mind that the true description of the near - criticalregion is not possible using any analytic expression as anequation of state (Levelt-Sengers, 1970).
 On the left-hand side of Figure 3, the liquid phase isrepresented. Because of its low compressibility, the liquidproperties are not very sensitive to pressure. Hence, onemay state that up to 1.5 MPa above the bubble pressure,the saturation properties can be used as such. Because ofthe non-idealities characterising some mixtures (mainlywhen polar components are present), it is necessary to takeinto account excess properties. The GE models are appro-priate for that purpose.
 At higher pressures, an adequate equation of state mustbe used. Once again, the Lee & Kesler (1975) method isconsidered to be the best adapted in this area.
 Note that the cubic equations of state are generally notwell-suited for describing single-phase properties, exceptwhen a volume translation is used (Péneloux et al., 1982).Several such translations have been proposed, amongwhich that of Ungerer et al. (1997), that can be extended tohydrocarbon pseudo-components.
 1.3 For Phase Equilibrium Problems:What Fluid Mixture Must be Modelled?
 The arguments developed below are essentially focused onphase equilibrium calculations, where a wrong choice ofcalculation method may have disastrous consequences onthe simulation results.
 307
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 In what follows, we propose a few decision trees, alongwith some examples that may be encountered in the petro-leum industry.
 When pure components are considered, it is always bestfor the computation of their needed characteristic properties,to use, whenever possible, the correlations provided by inter-nationally-recognized databases (DIPPR, for example). In thecase of mixtures, and when the pressure is limited to 1.5MPa, the heterogeneous method (different models for the liq-uid and vapour phases) is most appropriate. Table 1 summa-rizes how the partition (or equilibrium) coefficient is calcu-lated in such a case. At low pressure, below 0.5 MPa, thevapour phase can be represented by an ideal gas. For the liq-uid phase, Raoult’s law is both a very simple and powerfulmethod for calculating phase equilibria of mixtures of com-ponents belonging to the same chemical family and havingrelatively close molecular weights. As soon as polar (typi-cally when heteroatoms are present within the hydrocarboncomponents), or size-related (small and large molecules)interactions appear, an activity coefficient must be used as acorrection to the assumption of ideality for the liquid phase.
 At higher pressures, the same heterogeneous method canbe used, but must be corrected with the pressure effects.
 This is shown in Table 1, where a Poynting correction,℘i (i,P,T) is expressed, along with the fugacity coefficientof the saturated vapour i, ϕσ
 i (T), and the fugacity coefficientof component i in the gaseous mixture ϕV
 i (y→,P,T).
 TABLE 1
 Calculation of the partition (equilibrium) coefficient at moderatepressures (heterogeneous method)
 P < 0.5 MPa 0.5 < P < 1.5 MPa
 ideal
 non ideal
 As an example, we show that the apparently complexwater – hydrocarbon heteroazeotropic diagram can be per-fectly described using Raoult’s law, by assuming nomutual solubility of hydrocarbons and water in the liquidphases (Fig. 5).
 When the liquid phase non-ideality must be describedaccurately, an activity coefficient model (or Excess Gibbs
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 energy, GE, model) must be used. The choice of whichmodel is best (Fig. 5), depends on two issues: – What is the degree of non-ideality? Essentially, one can
 state that hydrocarbon mixtures are generally close toideal. A regular solution model (Scatchard, 1931) canthen be used. If non-ideality results from size differencesbetween molecules, a Flory-type model is better adapted(Flory, 1944). On the opposite, when molecules contain-ing heteroatoms (i.e. other than H and C) are present insignificant amounts, a more complex model, such asUNIQUAC (Abrams & Prausnitz, 1975) or NRTL(Renon & Prausnitz, 1968) is better. These models usu-ally require many binary parameters. The most complexsituation appears with electrolyte solutions. Dependingon whether pure water or a mixed solvent is used, thechoice will go to the Pitzer (1973) model (many avail-able parameters) or the electrolyte NRTL (Austgen et al.,1989) or UNIQUAC (Nicolaisen, 1993) models.
 – What information is available concerning the mixture ofinterest? Many of the above models require interactionparameters. The more they have, the more accurate theyare. However, experimental data must be available assuch parameters are to be regressed. Hence, the usermust ask himself whether accuracy is important, inwhich case he must either ask for complementary labdata or use a molecular simulation tool to generate“quasi-experimental data” (these tools remain numericalapproximations, but are increasingly accurate and fast).In case accuracy is not essential, he can use group con-tribution methods, of which the most well-known isUNIFAC (Fredenslund et al., 1975, 1977). This methodhas been extended to electrolyte mixtures by Li et al.(1994) and Yan et al. (1999).
 An application of low pressure non-ideal vapour-liquidequilibria can be found in the design of azeotropic distilla-tion columns.
 Gas treatment using alkanolamines is an example wherethe electrolyte species play a key role in both physical andchemical equilibrium. This is a complex situation, wheremixed solvents can be used, that must be handled with theelectrolyte activity coefficient methods, as further devel-oped by Barreau et al. in this issue. Austgen et al., 1989,and Kamps, 2005 also provide illustrations on how todescribe this kind of equilibrium.
 In many industrial situations, the pressure effect on theliquid phase cannot be neglected. The application of homo-geneous methods (both phases are described with the samemodel) based on equations of state (Fig. 6) is increasinglyrequired as the ones that are recently developed allow verygood computations, even for highly non-ideal mixtures.The partition (equilibrium) coefficients are here calculatedusing.
 Very often, in the petroleum industry, the fluids containonly hydrocarbon (non-polar) components, in which caseany cubic equation of state (Vidal, 2003) is well suited tothe problem. These equations are rather flexible and pro-vide a number of “tuning” possibilities (as illustrated inFig. 7):– The first of these is the temperature dependence of the
 attraction parameter (a(T)). The coefficients in such arelation can be fitted on the vapour pressure of the purecomponents using expressions as reviewed by Gasem(2001). The best-known equations are those of Soave
 K
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 (1972), or Mathias & Copeman (1983). It appears,however, that the expression proposed more recentlyby Twu (1995) is the best representation of the truebehaviour.
 – The second tuning possibility appears in the mixing rulefor the a parameter. Most often, the use of binary inter-action parameters (BIP), often called “kij”, is well-suited. For non-polar binaries of similar size, a zerovalue for this kij is enough. If experimental mixture dataare available, it is better to fit the optimal value of BIP.Some papers have been published proposing correla-tions, such as the one of Kordas et al. (1995) formethane – heavy hydrocarbons. More recent publica-tions propose a groups contribution method (Jaubert &Mutelet, 2004, 2005).Note that the phase separation of asphaltenes contain-
 ing mixtures may also be described using a cubic equationof state. This approach, which is further described in Pinaet al. in this issue, proposes an adequate mixing rule thatresults in a liquid-liquid phase split when asphaltenesprecipitate.
 Even though CO2 and H2S are not hydrocarbons, thereis no harm using a cubic equation of state when the systemcontains any or both of these components, provided thatonly liquid- vapour equilibria are calculated. Carroll &Mather (1995) propose a correlation for the H2S – hydro-carbons BIP, and for CO2 – hydrocarbons, a single value of0.13 seems to be generally accepted (Valderrama et al,1988). Figure 8 illustrates this point. Liquid- liquid equilib-ria may also occur for such mixtures, in which case a more
 complex mixing rule for the equation of state parameter a,such as MHV2 (Michelsen, 1990) , should be used.
 The presence of large amounts of supercritical gases,such as hydrogen for hydrocracking heavy ends, requires aspecific approach. As has been shown by Moysan et al.(1986), the use of a cubic eos induces the need for a largeBIP value, that is moreover a function of temperature.Nevertheless, this approach provides a better predictionthan the more often used method of Grayson & Streed(1963).
 The problem becomes more complex when stronglypolar components are present in non-negligible amounts,and must therefore be taken into consideration in thevapour-liquid equilibrium calculations. The classical (kij –based) mixing rules are no longer sufficient. Huron &Vidal (1979) developed for that purpose a new family ofmixing rules, that combine the advantages of GE models(adapted to strongly non-ideal mixtures) and those of equa-tions of state (high pressure and critical point calculations).The principle has since been adapted and improved(Michelsen, 1990; Wong et al., 1992, Boukouvalas et al.,1994). The use of empirical interaction parametersrequires, however, an extensive database of binary equilib-rium data. If no parameter and no data are available, thePSRK (“Predictive” SRK) method can be of great help(Holderbaum & Gmehling, 1991). This method uses UNI-FAC as a GE model, and has since been extensivelyimproved for including gases (Gmehling et al., 1997) andfor calculating mixture thermodynamic properties (Chen etal. 2002). As all group contribution methods, it remains,
 310
 Decision tree for high pressure phase equilibrium calculation
 What γ?Cubic equation of state
 check kij for dissimilar binaries
 Cubic EoS with complex mixing rule: PRH
 Whatparameters?
 Soreide &Whitson
 CPA PRH
 SAFT
 Grayson streed
 Water?Salts?
 kij!
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 (H2, CH4) > 40%
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 yes
 yes
 no
 no
 no
 no
 no
 Hydrocarbonmixtures
 Figure 6
 Decision tree in the case of high pressure equilibrium calculation.
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 however, less accurate than using a direct parameter fittingon experimental data.
 In the petroleum industry, this non-ideal behaviour canbe observed when alcohols (methanol or glycols) are used(often related to the presence of water). At present, thebest model that has been identified for this purpose is acubic equation of state with the Huron - Vidal (1979) mix-ing rule. An equivalent GE-type mixing rule would proba-bly do as well. Adequate interaction parameters must how-ever be determined from the mixture data. As is shown inone of the papers in this issue, the “CPA” equation of state(Cubic Plus Association) has a larger field of applicationsthan the latter with a lesser degree of tuning, as it takesexplicitly into account in its formulation the causes of thenon-ideality of these systems (associations amongst themixture components).
 The problem becomes still more complex when ionicspecies are present in the aqueous phase. Liu & Watanasiri(1999) have published an interesting review for this prob-lem. Equations of state for electrolyte mixtures arepresently being developed, but no ready solution existstoday in a commercial simulator, except the activity coeffi-cient models with a heterogeneous approach. To ourknowledge, the only equation of state that has lead toresults for industrial applications is the Soreide & Whitson(1992) model that adapts the Peng-Robinson eos for treat-ing the case of water-hydrocarbon mixtures in presence ofsodium chloride in the water phase.
 The case of long chain molecules may also be men-tioned (polymers, contrasted fluid mixtures of molecules
 having large differences in numbers of carbon atoms, etc.).This is where i t appears to us that the new SAFT(Chapman et al, 1988, 1990) equation is most promising,as shown later in this issue (de Hemptinne et al.).
 2 COMPOSITIONAL DESCRIPTION
 An important item that has been highlighted in the previ-ous section is that thermodynamic models are essentiallyphysico-chemical equations that include (more or lessempirical) parameters. If some guidelines may be givenconcerning which equation could be preferred, the finalcomputed property greatly depends on the numerical valueof these parameters. The latter are partly obtained througha suitable compositional description of the fluid mixtures,which is the topic of this section. – Accuracy of computed properties is obtained by fitting
 parameters to accurate data. The physical foundation ofthe model is of lesser importance than the number ofparameters that it contains. The best example of such“accurate” models are the MBWR type (Younglove &Ely, 1987; Setzman & Wagner, 1991) equations of state.
 – On the opposite, if predictive power is required, we canassume that few or no data exist. Hence, an expressioncontaining too many parameters will be difficult to usebecause of the lack of physico-chemical background forthese parameters. However, the quality of the physicalfoundation of the models is here essential. Even thoughtheir complexity may increase, today’s computing
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 Figure 8
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 power can easily overcome this difficulty. As such, bothmolecular simulation tools, applications of which areprovided in this issue, as well as equations of statebased on the thermodynamic perturbation theory, alsodiscussed in this issue, are in full development.We may differentiate here amongst the pure component
 parameters and the interaction parameters. In most models,only binary interaction parameters are required. However,when dealing with electrolytes, ternary interactions shouldalso be taken into account.
 The particularity of petroleum fluids results from the factthat they contain several hundreds of components. Manyalternative approaches can be used for describing thephysico-chemical behaviour of these complex systems. Theyare very well reviewed and discussed by Riazi (2005). Insome cases, especially in the upstream industry, “black oil”approaches are still employed, reducing the real mixture intoa pseudo-binary as we will see later. The refining industrytraditionally uses more fractions called “pseudo-compo-nents”. More and more often, detailed compositional descrip-tions are available even though few industrial simulators usethem. Nevertheless, this is probably the most accurate way torepresent complex phenomena, mainly multiphase behaviourwhen an asphaltenic or a waxy solid deposit occurs.
 2.1 Detailed Compositional Description
 Fluid fossil fuels (crude oils and natural gases) containhydrocarbons made up of one carbon atom up to more thanone hundred carbon atoms. The molecules composing thelight end (C1 to C10) are now well known and their behav-iour has been investigated for several decades. However,the number of isomers increases exponentially with thecarbon atoms number. Up to C10, all of the componentscan now be identified using gas chromatography. FromC10 to C20, only the major chemical families (paraffinic,naphtenic and aromatic) can be identified for each carbonatoms number. The physical behaviour of most isomers isnot very well documented (i.e. their vapour pressures).
 For the evaluation of the characteristic parameters of the(pure and pseudo-) components, the corresponding statesprinciple is a fruitful approach. This principle expresses thatthe residual thermodynamic (compressibilities, etc.) as wellas thermophysical (viscosities, heat conductivities, etc.) prop-erties of any component can be known if its reduced pressureand temperature, as well as acentric factor, are given. This isobviously an oversimplification, but it appears that for hydro-carbon fluids this principle is a powerful approximation.
 The characteristic parameters (including the criticalparameters required for applying the corresponding statesprinciple) can originate from different sources:– They can be found in data bases. This is essentially the
 case for parameters that have a physical significance.
 However, all commercial simulators also provide para-meter values so that the models proposed can be usedwith a large variety of components without any addi-tional input from the user. This is very convenient butmay be dangerous if the results are used in extrapolationoutside the range in which the proposed values havebeen generated.
 – If the molecular formulas of the components are known,group contribution methods can be applied. For the purecomponent properties, the best known methods arethose of Joback (1987) and of Constantinou & Gani(1994). The former method is rather simple but unableto distinguish among isomers, while the latter adds asecond order term that significantly improves the pre-dictions. The most accurate method is that proposed byMarrero & Gani (2001), but its use is complex. Insteadof using the corresponding states principle (whose phys-ical foundation disappears for molecules heavier thanC10 as they undergo thermal cracking before reachingtheir critical point), Coniglio et al, 2000, proposed agroups contribution method that directly provides thecubic eos parameters.Concerning binary interaction parameters, the UNIFAC(Fredenslund et al., 1975) or the Jaubert (2004, 2005)methods have already been mentioned.These group contribution methods are not very accurate,but are often sufficient for engineering purposes.
 – The best procedure is to fit the needed parameter valueson experimental data, even if the two above-mentionedpossibilities are available in commercial simulators. In theabsence of experimental data, molecular simulation mayprovide additional information (“quasi-experimentaldata”). This tool is based on a very fundamental picture ofthe physical interactions in fluids. Even though it still pro-vides a numerical approximation of reality, one may statethat its use becomes more and more easy and its accuracyimproves significantly as new algorithms are proposed(see for further discussion Ungerer et al., in this issue).
 2.2 Pseudo-Components Description
 Pseudo-components may be either “lumps” of well-identi-fied components, or a way to describe an unknown mixtureof components having close volatility (i.e. a petroleumcut). The calculation of the characteristic parameters aredifferent in both cases. In the former case, the method willdepend on the information available. This is generally verydifferent if upstream or downstream applications areconsidered.
 2.2.1 Lumping and Delumping
 Several approaches exist for lumping a detailed fluiddescription into a limited number of pseudo-components
 312
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 (Ruffier-Meray et al., 1992; Riazi, 2005; Newley &Merrill, 1991; Soreide, 1989). They generally require twodistinct methods:– Identify a characteristic parameter and the number of
 lumps that are expected. The characteristic parametercan be a single property (carbon atoms number), or acombination of several ones in which case a “distance”must be defined between the different components. Thecomponents then are dispatched among the differentlumps according to some algorithm (Montel, 1984).
 – The characteristic properties of the lumps are computedon the basis of some averaging rule, based on the prop-erties of the original components (see for exampleLeibovici, 1993; Neau et al. 1993).In some cases, it may be important to recover the
 detailed composition after one or several phase equilibriumcalculations have been performed. This is what is called“delumping”. This topic has been investigated byLeibovici et al., 2000.
 2.2.2 Upstream Applications
 The procedure for describing a complex fluid by a set ofpseudo-components is summarised in a three-stepsapproach:– In a first step, the sensitivity of the property to be calcu-
 lated should be evaluated with respect to the physicalinformation that can be made available through experi-ments. As an example, a density measurement is gener-ally not enough to calculate a bubble or a dew point. Onthe other hand, an evaluation of the asphaltene contentmay provide a good indication of the fluid viscosity(Werner et al., 1996).
 – In a second step, experimental data must be gathered,preferably data concerning the property to be modelled(density, bubble or dew point, viscosity, etc.). A typicalPVT analysis of a reservoir fluid contains a ConstantComposition Expansion (CCE) or a Constant VolumeDepletion (CVE) (Savelli et al., 1981, Pedersen et al.,1989). It often comes with a compositional analysis, inorder to capture as much as possible detailed informa-tion on the physico-chemical characteristics of the indi-vidual components that may be present in the petroleumfluid: the number of carbon atoms, the chemical family,the structure of the molecules, etc. The number ofpseudo-components that can be used strongly dependson the quality, and on the amount, of data available.
 – Finally, the pseudo-components must be given adequatecharacteristic parameters as input into the model. Theseparameters are fitted on the experimental data. Often,the characterising parameters are the critical coordinatesand the acentric factor (Tc, Pc, ω). In case the amount ofdata is not sufficient, they can also be determined by anumber of correlations (Table 2). In some cases the
 binary interaction parameter (kij) between a light and aheavy component is also fitted.
 TABLE 2
 Methods for calculating characteristic parameters for petroleum cutsstarting from their density and their mean boiling temperature
 Riaizi Twu Cavett Lee-Kesler Winn Others
 et al. (1984) (1964) (1975) (1952)
 (1998)
 Tc x x x x x
 Pc x x x x x
 ω x Tb/Tc > 0.8* Edmister
 (1959)
 Zc x x Rackett
 (1970)
 MW x x x
 vLiq(T) @15°C x Rackett
 (1970)
 cp#(T) x x x
 Pσ(T) x
 *Only for cuts having a reduced normal boiling temperature higher than 0.8.
 2.2.3 Downstream Applications
 The most difficult property to describe in process simulatorsis the relative volatility. In that case, the property that shouldbe used for lumping the pseudo components is the vapourpressure. Instead, boiling temperatures at atmospheric or anyother pressure are more readily available. The True BoilingPoint (TBP) distillation is therefore often employed as anexperimental basis for the pseudo-components derivation.
 Since the TBP distillation curve is directly related tothe volatility of the components included in the petroleumfluid, a simple cut of this curve in a number of pseudo-components that has been fixed by the user is straightfor-ward. The true challenge lies in the characterisation of thepseudo-components thus created. Often, the only physicalproperties that identify them are their mean boiling temper-ature and their density. Empirical correlations are thereforeused for determining the characteristic parameters neededfor thermodynamic calculations. Table 2 summarises thedifferent methods that exist for this purpose.
 2.3 Black Oil Description
 The planning of a “conventional” crude oil productionfrom a reservoir requires the knowledge of the fluid vol-ume, density and viscosity, in addition to its bubble point.At pressures above the latter, the single-phase liquid com-pressibility is also needed for primary recovery evaluation.The calculation of these properties does not require a verydetailed compositional description.
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 Considering the large number of calculations needed inbasin as well as reservoir simulations, a very simple descrip-tion is used, based on a two-phases and two-components sys-tem. The liquid is the oil, as it is collected from the well, afterall the gas has been removed at ambient conditions. The gasis some gaseous pseudo component whose properties andquantity are determined based on very simple PVT tests.
 A large number of empirical correlations exist for thedetermination of the fluid properties based on typical PVTdata (McCain, 1990).
 3 MODEL SELECTION AND COMPOSITIONALDESCRIPTION IN REGARD WITH THE DOMAINOF ACTIVITY
 Over time, the number of methods has steadily increased,and the engineer is now faced with a very large choice ofmethods for his calculations. There is no definite answeron the question regarding the best choice amongst these(Carlson, 1996). Yet, we may suggest some guidelines.
 Table 3 shows that depending on the industrial domainand on the available compositional information, the con-
 straints and the required properties may be very different.Obviously, the model that will be used for responding tosome specific needs will have to be selected accordingly.
 CONCLUSION
 Even though the basic principles of thermodynamics havebeen well established for several decades, the practical prob-lems encountered by engineers in modelling the physicalproperties of real petroleum fluids are not negligible. Thereason for this is that no exact set of equations exists fordescribing the complexity of such natural mixtures. Hence,approximate models are used, the results of which must becontinuously verified against experimental data.
 This paper provides some general guidelines on thermo-dynamic modelling of petroleum fluids. It is our hope thatit may be of help to the practising engineers, for selectingthe appropriate approach that depends very much on theproblem to be solved: which property for which mixture, inwhich pressure - temperature operating conditions ?
 What has been emphasized is that thermodynamic models are essentially a combination of several equations
 * CCE: Constant Composition Expansion; CVD: Constant Volume Depletion.
 TABLE 3
 Summary of the models selection in various oil and gas industry applications
 Available
 information
 Detailed
 compositional
 analysis up to C14+
 Detailed
 compositional
 analysis up to C7+,
 more rarely up to
 C21+
 Stock tank crude
 density,
 Saturation pressure
 (bubble or dew),
 CCE, CVD*
 (Multi-) Phase
 behaviour; oil
 swelling
 Lump all
 components into a
 few (2 to 4) pseudos
 Lump all
 components into
 2 pseudos, plus CO2
 Cubic (including
 volume shift) with
 classical mixing
 rules
 Cubic (including
 volume shift) with
 classical mixing
 rules;
 Soreide & Whitson
 (1992) for CO2
 solubility in water
 Industrial
 application
 Basin simulation
 Reservoir
 simulation
 CO2 storage in
 depleted oil
 reservoirs
 simulation
 Transport simulation
 (wells, risers, flow-
 and pipe- lines)
 Process simulation
 (refining or
 petrochemistry)
 Detailed composition
 up to C8
 TBP distillation for
 heavier cuts
 Gravity for
 distillation cutsAccuracy for a
 number of specific
 components (traces)
 No data for heavy
 fractions
 Phases composition,
 enthalpy, entropy
 and heat capacity
 Individual for light
 components;
 30 to 50 pseudo
 components for the
 heavy fractions
 Many possible, as
 explained in the first
 section
 Detailed
 compositional
 analysis up to C11+
 Stock tank crude
 density,
 Saturation pressure
 (bubble or dew),
 CCE, CVD*
 Number of phases;
 Phases identity,
 density, heat
 capacity, heat
 conductivity and
 enthalpy
 Lump all
 components into a
 few (3 to 5) pseudos,
 plus H2O
 Cubic (including
 volume shift) with
 classical mixing
 rules
 Additional
 information
 Constraints
 information
 Very large number
 of thermodynamic
 calculations. Smooth
 variation of property
 derivatives vs
 operating conditions.
 Properties that must
 be calculated
 Number of phases;
 Phases identity,
 density and
 composition
 Compositional
 description used
 Lump all
 components into a
 few (3 to15) pseudos
 Models (eos based)
 used
 Cubic with classical
 mixing rules
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 that include more or less empirical parameters. Althoughsome guidelines may be given concerning which equationsare to be preferred, the final result greatly depends on thevalue of these parameters. The latter depend firstly on asuitable compositional description of the fluid mixture, aswell as on the availability of the characteristic propertiesfor the (pure and pseudo-) components which have thusbeen selected.
 Hence, two challenges lie ahead of us:– A better understanding of the complex behaviour of
 petroleum fluids, through well-focused, reliable dataacquisition;
 – An improved description of the physical foundations ofthis behaviour in the models that are used.These challenges are further developed in the other papers
 of this issue: the two first articles propose a review and addi-tional data concerning two types of systems that remain diffi-cult to model. The first concerns the characterisation of floc-culation out of asphaltenic crudes, the second the data analysisof water – alcohol – electrolyte – hydrocarbon mixtures.
 The last two papers in this issue indicate the presenttrends in thermodynamic modelling, whose fundamentalsare mainly based on more and more physical principles.Molecular simulation applications are proposed for fluidphase property calculations. A separate article illustrateshow these same principles can be used with great successin more conventional equations of state. The models thusbecome more complex, but thanks to the physical meaningof the parameters, they also become more predictive. Theuse of such models will allow a much better description ofmore complex mixtures, including non-hydrocarbon mole-cules that do not follow the corresponding states principlewhose fundamentals date back to Van der Waals (1873).
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